When the sheath accelerates in its plasma-bound motion as a result of the ion response to the electric field, one has a top-heavy equilibrium. In the sheath frame ions are accelerated towards the wall-sheath boundary. In such a situation sheath may become unstable. The sheath instability is examined as the Rayleigh-Taylor ͑RT͒ instability and RT growth rate is compared with the reported sheath instability in the literature.
I. INTRODUCTION
The sheath formation at the plasma-wall interface is ubiquitous in a bounded plasma. The specific feature of the plasma sheath is the formation of a charged boundary layer due to the difference in the mobility among different plasma particles, viz., electrons and ions in a two component plasma. Since electron mobility is much higher than the ion mobility, the plasma boundary becomes negatively charged leaving behind a positively charged column. The resultant potential gradient tends to slow incoming ͑to the boundary wall͒ electrons and accelerate the ions until a steady state is reached, with equal ion and electron fluxes. A stationary sheath exists only if the ion flow velocity satisfies the Bohm criteria at the plasma-sheath boundary, or if the electric field at the plasma-sheath interface exceeds some critical value. [1] [2] [3] With no net current, the sheath width is typically few Debye length and the voltage drop, a few electron temperatures.
Consider an application where the boundary of the substrate is negatively biased, e.g., in plasma processing. Then, the static boundary sheath formation is limited to the case when fluctuations in the applied voltage at the negatively biased wall during the time of flight of ions through the sheath is negligible. If the fluctuation frequency in the applied voltage is smaller than the ion plasma frequency, the particles move in the quasistatic field of the sheath and static sheath model is a valid description. However, when fluctuation in the voltage and ion plasma frequency becomes comparable, the sheath field changes during the transition of the particle through the sheath, and static sheath description becomes invalid. 4, 5 The size and location of the plasma sheath may change due to the rapid variation at the plasma-sheath boundary and the sheath motion can be highly irregular and unstable. [6] [7] [8] [9] [10] [11] [12] When the sheath accelerates in its plasma bound motion as a result of the ion response to the electric field, one has a top-heavy equilibrium. In the sheath frame, plasma is accelerated towards the wall. This effective ''gravity'' pulls the heavy fluid through the plasma-sheath boundary layer as plasma density in the quasineutral region is more than near the negatively charged wall. The experimental observation of sheath instability in a double plasma device has been reported in the literature. 12, 13 Although experimental details of different sheath experiment varies, [9] [10] [11] [12] [13] [14] common features of observed sheath instability are the following: the oscillation frequency f (ϳ100 kHzϪ1 MHz) scales as the square root of the plasma number density in the source chamber, i.e, f ϰn s 1/2 and f scales with the grid bias as f ϰ Ϫ␣ with ␣ between 0.5 and 0.25. A different mechanism has been proposed to explain the sheath instability. For example, klystron bunching of the ions in the sheath, 15 resonant interaction of the ions due to asymmetry in the sheath potential, 11 potential relaxation instability 9 or intermittent oscillation due to the onset of chaos 16 are some of the possible mechanisms proposed to explain the instability.
In the present work, one develops a model whereby the sheath instability is explained in terms of Rayleigh-Taylor ͑RT͒ instability. The RT instability is believed to operate in space as well as in a laboratory environment. The instability has been extensively studied in a wide range of physical contexts both theoretically and experimentally. [17] [18] [19] [20] [21] [22] The primary source of the RT instability is the free energy available due to the presence of an inverted density gradient in the presence of gravitational force. In the vicinity of a near wall plasma region, number densities of plasma particles decline considerably. The electrons are repelled from the negatively biased wall whereas ions are accelerated towards the wall and thus their respective number density in the sheathpresheath region is much less than the corresponding number in the quasi-neutral presheath region. Therefore, the sheath region near the wall can be visualized as a ''lighter fluid'' under the ''heavy fluid'' of the quasi-neutral plasma region. The boundary of such an arrangement is accelerated towards the wall in the presence of an electric field. The resultant acceleration provides an effective ''gravity.'' Thus, stationary sheath equilibrium is a ''top-heavy'' arrangement and a slight oscillation at the sheath-presheath boundary will help the 
II. BASIC MODEL
We shall assume a collisionless sheath model and employ a fluid description to study the problem at hand. Due to the formation of sheath at the plasma boundary, there exist two regions in a bounded plasma: ͑a͒ The quasi-neutral bulk plasma, where electron and ion number densities n e and n i equal each other; and ͑b͒ the sheath at the boundary where n e Ӷn i . We assume that the sheath-presheath boundary is located at zϭz 0 . The typical sheath width is a few Debye lengths ͑a spatial scale of a local electric field͒ that could be very small in practical applications, while the quasineutrality scale corresponds to the typical size of the system. This circumstance leads to nonuniversality of the plasma distribution functions for the whole region and allows the near wall sheath layer to be modeled separately from the bulk plasma region. 2 Generally, governing equations of the sheath model are time independent. We shall consider such a sheathequilibrium near the wall. Most sheath models are based upon the assumption that electrons are in thermal equilibrium and may be given as n e ϭn 0 exp(e /T e ), where is the sheath voltage near the wall and is always negative and n 0 is the plasma number density when ϭ0, and T e is the electron energy in eV with e as the electronic charge. The steady state ion equation of motion is given as
͑3͒
For the cold ion case,
Now making use of n i v i ϭC 2 , one can write
.
͑5͒
The boundary condition will require C 2 ϭn 0 v i0 and C 1 ϭm i v i0 2 /2 as one must have (ϱ)ϭ0, n i (ϱ)ϭn 0 and v i (ϱ)ϭv i0 . The above set of equations reduces to a well known equation for the planner sheath,
At the plasma-sheath boundary, v i0 ϭv B , where v B is the Bohm velocity. If sheath voltage is high, then Poisson's equation ͑3͒ can be simplified by assuming n e ϭ0 and
The above set of equations can be solved for a stationary sheath either with the zero potential at the plasma sheath boundary ͑the so called plasma model 3 ͒ or with a nonzero electric field 2 ͑the so called step sheath model͒. An analytical expression for plasm density, potential, etc. can be derived. The focus of the present work is to investigate the stability of a stationary sheath model and to that end, an applied electric field at the plasma-sheath boundary is assumed. The presence of such an electric field will accelerate the ions towards the wall and thus, the plasma-sheath layer can be modeled as a surface that separates the heavy fluid from the light fluid in the presence of an effective gravity. The inhomogeneity scale length based on the ambient density gradient for ion is L n Ϫ1 ϭn 0 Ϫ1 dn 0 /dz. It is well known 17 that the equilibrium with the inverted density gradient against gravity is unstable if a"ٌn 0 Ͻ0, where a is the acceleration. In order to study the instability of the sheath equilibrium, one perturbs the equilibrium quantities as n i (z)ϭn 0 (z)ϩn 1 (t,x,z), v i ϭv 0 (z) ϩv 1 (t,x,z), pϭ p 0 ϩ p 1 , EϭE 0 (z)ϩE 1 (t,x,z). Then the linearized equations are
The perturbed electric field needs to be calculated selfconsistently using Poisson's equation. However, an imposed electric field at the plasma-sheath boundary 2 is assumed here, i.e., E z 0 ϭT e / D where D ϭͱT e /(4n 0 e 2 ) is the Debye length defined at the plasma-sheath boundary. The perturbation of the form exp͓i(kxϪt)͔ is assumed. Then the linearized continuity equation ͑8͒ becomes
where a prime denotes derivative ‫.‪z‬ץ/ץ‬ The components of Eq. ͑9͒ are given as
͑12͒
For simplicity, the incompressibility condition is assumed for the ion fluid, ٌ"v i ϭ0. Then,
After some simple algebra, from Eqs. ͑10͒-͑13͒ one gets
Integrating the above equation from Ϫ⑀ to ϩ⑀ across the plasma sheath boundary and invoking the continuity of velocity along with its derivative, one obtains
͑15͒
Before analyzing the above dispersion relation, one notes
, and, thus, one may approximate (L n Ϫ1 ϩn 1 Ј/n 0 ) by L n Ϫ1 . Assuming ϭ r ϩi␥, one finds from an imaginary part that
suggests that the plasma sheath boundary is unstable due the presence of the ion flow gradient. The free energy for the growth of this instability comes from the sheath potential as, for a cold ion case, flow velocity is related with the ambient potential
where ion acoustic speed C s 2 ϭ2T e /m i . In the absence of the flow, the above dispersion relation reduces to 2 ϭ eE 0 mL n . ͑18͒
The growth rate is given as ϭ(ϪeE 0 /mL n ) 0.5
. The growth rate ␥ can be written as
where E 0 ϭϪ⌬/⌬z. The sheath instability has been experimentally observed by many groups. [7] [8] [9] [10] [11] [12] [13] [14] [15] In Fig. 1 , the growth rate against the inverse of the scale length is plotted for different electric field values. As noted earlier, the growth rate is sensitive to the plasma density gradient scale and also to the applied field. The growth rate is high for a very sharp density gradient. Further, as the wall potential, and hence the corresponding sheath field increases, the growth rate also increases. The observed growth rate is between a few KHz to Mhz and a favorable comparison with our plotted number suggests that the RT mode might be the mechanism responsible for destabilizing the plasma-sheath boundary.
III. CONCLUSIONS
The plasma-sheath boundary in a plasma is a top-heavy arrangement with the inverted plasma density gradient against the ''gravity.'' Gravity in this case is provided by the accelerating ion front. The inverted density gradient against the gravity is Rayleigh-Taylor unstable, and one demonstrates that the sheath instability can be explained as RT instability. The calculated growth rate matches reasonably well with the observed experimental data.
The transverse velocity shear can substantially reduce the growth rate of Rayleigh-Taylor instability in the short wave length regime. 18, 24 It is also known that the RT mode may self consistently generate a velocity shear which can then stabilize the mode. 19 The nonlinear evolution of RT instability in the context of plasma sheath dynamics will be further explored in our future work.
In the case of a transient sheath, a situation germane to plasma processing, the plasma-sheath boundary initially propagates into the plasma at a velocity higher than the ion acoustic speed C s and at this time a refractive ion disturbance begins to propagate ahead of the sheath. [25] [26] [27] Gradually its velocity drops below C s . In the case of substantial ion-neutral collisions, the wave front does not get separated from the sheath. 5 It is speculated that the supersonic sheath expansion and the subsequent subsonic sheath evolution in case of a transient sheath, might be triggered by the RT instability. 
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